Abbreviations: BMC, bone mineral content; CT, com-1. Four paraplegic men volunteered for an exercise programme in which their paralysed quadriceps muscles were stimulated by means of computer-regulated electrical impulses applied through external electrodes. The first exercise regimen consisted of leg raising against a graded load, and during the second regimen exercise took the form of cycling on a modified bicycle ergometer. Each subject exercised five times weekly for 10 weeks during the first regimen and 32 weeks during the second regimen.
INTRODUCTION
Transection of the spinal cord produces rapid atrophy of muscle together with bone demineralization at levels innervated below the level of the lesion. These features, along with consequent damage to the autonomic nervous system, are responsible for many of the secondary medical complications [ 11. Nevertheless, no studies have been published which were specifically designed to evaluate the muscular and skeletal status in paraplegia and none attempting to assess their potential for recovery.
Recently, interest has developed in the use of electrical stimulation to move paralysed musculature (functional electrical stimulation, FES), in an attempt to minimize some of the secondary complications.
It has been established for centuries that isolated muscle preparations can be electrically stimulated to contract, but hitherto this has had no practical clinical application owing to the unco-ordinated nature of such contraction. Sequential activation of different muscle fibre groups may allow muscle fatigue to be deferred and has been shown to result in smooth contraction in a variety of animal models [2] and man [3] . Further advances in the way that the electrical stimulation was applied, with or without feedback to the stimulating circuitary from the motion of the stimulated limb, has resulted in successful training of skeletal muscles of animals [4-61 and man [7] .
Recently, advances in microcomputer circuitry have enabled successful co-ordination of iliacus and quadriceps muscle groups in four paraplegic patients allowing them to pedal a modified bicycle ergometer [8] . These individuals who exercised 3 days weekly for 15 min each session, for a total of 30 days, showed an average increase in thigh circumference of 1.9 cm. However, the possible effect on bone status was not evaluated.
Our aim was to study the initial muscle and skeletal status of a small group of paraplegic patients and to evaluate the effect of two FES exercise regimens, on muscle and bone.
METHODS

Patients
Four paraplegic males were studied. Their age range was 20-35 years, and their mean body mass index was 20.5 k SD 0.5. Paraplegia resulted from haemangioblastoma at T6 (duration of paraplegia 8 years) or acute spinal cord injury at T6 ( 3 years) or T4-5 (4 and 1 year).
One of these patients (no. 2) was taking regular diazepam in a mean daily dose of 50 mg which remained constant throughout the study. The others were taking no regular medication. The study was approved by the Ethical Committee of Northwick Park Hospital and each patient gave informed consent. A schematic representation of the protocol is shown in Fig. 1 . Changes measured between the various stages of the study were assessed using two-tailed paired t-tests.
FES and exercise regimen
FES was provided by a non-commercial four-channel stimulator. The pulse width of the electric current was 300 ps administered at a frequency of 40 Hz. The range of electrical stimulation employed during the first exercise regimen was 65-90 V, while for the second exercise regimen it was 80-125 V. A detailed description of the leg exerciser has been published previously [ 81.
The first exercise regimen consisted of straight leg raising to extend the knee through 60 degrees against an increasing load ranging from 1.4 to 11.4 kg (3-25 Ibs) (regimen 1). Each phase of exercise lasted 6 s ( 3 up and 3 down) followed by 6 s rest. In the absence of sensation, muscle fatigue was judged by a declining ability of the muscles under stimulation to respond. The weight against which leg raising was performed was such as not to fatigue The same skin incision was used for both biopsies which were taken from the lateral aspect of the thigh at the level of the femur at a standard 5 cm depth [ 111. At least 150 mg of muscle was removed at each biopsy. Muscle was biopsied from the same leg in all three studies.
The patient lay quietly on a bed for the entire duration of the study. CO, production rate was determined by means of a ventilated hood [12] over 2 h between the muscle biopsies.
A reciprocal steady-state model was employed to calculate whole-body protein turnover using plasma aketoisocaproic acid enrichment, rather than ['3C]leucine itself [ 13, 141, as this is believed to provide a more accurate indication of intracellular leucine enrichment than the labelling of plasma leucine itself. Expired breath samples for I3CO, enrichment were collected at zero time and every 30 min after 2 h of the tracer infusion. Plasma a-ketoisocaproic acid isotope enrichment was measured by selected-ion monitoring gas chromatography-mass spectrometry [ 151. Analysis of a-ketoisocaproic acid enrichment was performed under conditions of positive ion chemical ionization using ammonia as the reagent. Selected ion chromatograms were obtained by monitoring mass/charge (m/z) 275 and 276. In addition, m/z 261 was monitored to establish the enrichment of the internal standard, ketovaleric acid.
Expired CO, enrichment was measured in an isotope ratio mass spectrometer using well-established techniques Quadriceps muscle ['3C]leucine content was measured by a previously described technique [ 171 modified so that the amino acid isolation was performed by preparative gas-liquid rather than ion-exchange chromatography.
[161.
Muscle and fat area measurements Total body potassium (TBK)
Quadriceps muscle size was measured within 24 h of the above by means of cross-sectional computerized tomography (CT) scanning in a GE8600 scanner (General Electric Co., U.S.A.). Measurements were performed on tomograms obtained approximately 15 cm proximal to the lateral femoral condyles. Individual pixel densities were calculated and printed as a histogram which allowed quantification of fat and other soft tissue areas because of the well-marked density difference between the two types of tissue.
All these variables were determined at the beginning of the study to provide baseline values, after the first and finally at the end of the second exercise regimen.
TBK was measured in a multi-detector whole-body counter [18] , and the standard error on a measurement was about 3.5%. Fat-free mass (FFM) was estimated from 'IBK in each of these four male patients, assuming 66 mmol of K + /kg of FFM [ 191. TBK values were also compared with estimated normal values derived from equations based on weight, height and age [20] .
Bone densitometry
One of the conditions for entry into the study was that the bone mineral content (BMC) of the femoral shaft (cortical bone) was more than 50% of the mean value for normal men. BMC of the right femur and of the lumbar spine were measured by dual photon absorptiometry using a rectilinear scanning system (NOVO, BMC Lab 22a) which incorporated a source of 153Gd (44 and 100 keV photons). Measurements were made before and after the complete programme of exercises. The standard error on a measurement in a normal subject is about 2%, and the radiation dose is only about 10 mrem (0.1 mSv) per measurement [21] .
To obtain an indication of the amount of trabecular bone in the lower limbs, a CT technique was used to measure the trabecular bone in the distal tibia. A purposebuilt CT system (ISOTOM) [22] , which incorporated a source of 1251 (29 keV), was used to make these measurements. The standard error on a measurement is about 2%, and the radiation dose is about 2 mrem (0.02 mSv) per measurement, at the site of measurement. The mean linear attenuation coefficient of the central 50% of the cross-sectional area of the distal tibia was measured. This value was converted into an estimate of trabecular bone density using the methods of Hangartner & Overton [23] and Ruegsegger et al. [24] . Table 1 shows the results of whole-body leucine metabolism, QMPSR and body composition estimation at each study in all four patients. There were no significant changes in whole-body leucine oxidation, synthesis and breakdown when expressed in terms of either body weight (as in Table l ) , or FFM during the study. In contrast, QMPSR increased from the basal to the end of the first exercise regimen ( P < 0.05), although there was no further increase after the second exercise regimen. The individual results of QMPSR reveal that patient 3 has considerably higher basal levels than the other three, and he was the patient of least paraplegic duration.
RESULTS
Initially, all four patients had significantly reduced TBK levels which ranged from 71.5 to 87.6% ,of estimated normal control values. Interestingly, this variable was least reduced in patient 4, the only patient who partook in regular exercise before this study. However, there was no correlation between the duration of paraplegia and TBK values. TBK levels tended to increase throughout the study (3077 to 3422 mmol, P<O.Ol), implying that FFM increased (46.6 to 51.8 kg) as did body weight (67.9 to 72.8 kg). There was no significant correlation between the change in body weight and change in TBK or FFM. Table 2 shows the effect of both exercise.periods on quadriceps muscle and fat areas derived from density measurement using serial CT scans. After the first exercise regimen quadriceps muscle area increased ( P < 0.05) while fat area decreased ( P c O . 0 5 ) . By the end of the second exercise regimen, although quadriceps muscle area had further increased compared with basal estimates (P< 0.001) there was no significant difference compared with the area at the end of the first exercise regimen. Prolonged exercise failed to further reduce quadriceps fat area. There was no correlation between basal quadriceps muscle area with either TBK or FFM or changes in quadriceps muscle and changes in either TBK or FFM throughout the study.
BMC for lumbar vertebrae (L2-L4) was above the lower limit of the normal range for each patient, and the mean value was 112% of the normal mean (Table 3) . There was no significant change as a result of the exercise programme (Table 4) .
The BMC for the right femoral shaft was below the lower limit of normal for three of the four patients, and above the normal mean value in one patient (Table 3) . But in all cases, the BMC values exceeded the 50% of normal criterion for entry into the trial. No significant change occurred as a result of the exercise programme (Table 4) .
Trabecular bone density in the distal tibia ranged from 2% to 105% of normal before the trial started (Table 5) , and on average did not change sigmficantly as a result of the exercise programme.
DISCUSSION
Data from this study suggest that exercise promoted by FES in four paraplegic males resulted in increased muscle size and performance, an effect which became apparent with the first exercise regimen.
Initially, as expected from the mean duration of paraplegia, there was striking clinical evidence of reduced lower limb muscle bulk. This was confirmed in all patients by most of the variables used to evaluate muscle size. Table 2 . Individual and mean results for the four paraplegic patients Areas were derived by CT scanning of one leg during the course of the study. Statistical significance (paired t-test): *P < 0.05, **P < 0.0 1 between basal and subsequent exercise regimens. No statistical significance was found between both exercise regimens. Whole-body leucine kinetics, expressed per kilogram body weight during continuous feeding, remained constant throughout the study period.
In contrast with the whole-body data, QMPSR in paraplegic muscle increased significantly after 10 weeks of exercise (regimen 1). The apparent discrepancy may have been due to the localized nature of the exercise, so that the contribution of QMPSR to whole-body protein synthesis was small. This finding is important in view of the CT scan evidence of increased quadriceps muscle mass, and the increases in TBK and FFM. We have recently found that QMPSR ( m e a n f s~) in normal fed control subjects (n = 10) is 0.075 k 0.014%/h [25] . Three of the four patients studied had values signtficantly lower than this, which is in accord with the suggestion that muscle protein synthesis rather than breakdown is the major determinant of muscle size [26, 271 . The present protocol did not include the estimation of muscle protein breakdown from urinary 3-methylhistidine excretion [28] , as its suitability in muscle wasting states is somewhat controversial [29] . We cannot explain why one of the paraplegic patients (no. 3) had a QMPSR that was higher than our normal value despite having clinically obvious muscle wasting, confirmed by the special investigations. However, it may be relevant that he had been paraplegic for only 1 year.
In contrast there was little evidence of further increase in quadriceps muscle mass with the longer periods of the second exercise regimen, which may reflect the relatively low work rates achieved.
It is interesting that BMC for lumbar vertebrae was normal in these four patients (93-124'/0 of normal) and that there was no obvious decrease even in the patient who had been a paraplegic for 8 years (Table 3 ). The situation was different in the cortical bone of the femur (Table  3) where only the patient who had been disabled for 1 year had a normal BMC value. The remaining three patients had femur BMC values which averaged 66% of normal.
Trabecular bone density in the distal tibia was severely reduced in those patients who had been disabled for 3 or more years (Table 5) . This is consistent with the rapid rates of loss of trabecular bone from the 0s calcis measured in small numbers of normal males subjected to bed rest for periods of 17-36 weeks [30-321. In our paraplegic patients who had been disabled for much longer periods the remaining amounts of trabecular bone were much lower, potentially leading to increased susceptibility to fracture in the distal tibia. In our study there was no sigmficant change in the trabecular bone after the exercise programme. In normal postmenopausal women, modest increases in bone density in the spine have been achieved by a regular programme of moderate exercise [33] , but this was probably considerably more vigorous in terms of stress loading than the programme achieved by our patients. There are no longitudinal data available on rates of bone loss from the lower limb (tibia or femur) in the untreated paraplegic patient. The collection of further data, with comparisons between treated and untreated groups, will be necessary before any conclusions can be drawn regarding the usefulness of FES therapy in retarding bone loss.
The benefits to our patients of the programme of FES were more than an increased sense of well being, since they increased their thigh flexors and extensors with improved skin health and less risk of breakdown of pressure areas. Whether this form of artificial muscle training can be developed to the point where useful locomotor activity under the patient's control is possible depends on the development of more sophisticated computerized control systems and improved techniques for delivering electrical impulses to the controlled muscles. 
